Carotenoids are important pigments in photosynthetic organisms where they play essential roles in photoreception and photoprotection. Chromochloris zofingiensis is a unicellular green alga that is able to accumulate high amounts of ketocarotenoids including astaxanthin, canthaxanthin and ketolutein when growing heterotrophically or mixotrophically with glucose as a carbon source. Here we elucidate the ketocarotenoid biosynthesis pathway in C. zofingiensis by analyzing five algal mutants. The mutants were shown to have a single nucleotide insertion or substitution in b-carotene ketolase (BKT) gene 1, which resulted in a lack of ketocarotenoid production in Cz-bkt1-1, and decreased ketocarotenoid content in the other four mutants. These mutants accumulated much higher amounts of non-ketocarotenoids (bcarotene, zeaxanthin and lutein). Interestingly, the Cz-bkt1-5 mutant synthesized 2-fold the ketolutein and only 1/30 of the canthaxanthin and astaxanthin as its parent strain, suggesting that the mutated BKT1 exhibits much higher activity in catalyzing lutein to ketolutein but lower activity in ketolating bcarotene and zeaxanthin. Mutant and WT BKT2 gene sequences did not differ. Taken together, we conclude that BKT1 is the key gene involved in ketocarotenoid biosynthesis in C. zofingiensis. Our study provides insight into the biosynthesis of ketocarotenoids in green algae. Furthermore, Cz-bkt1 mutants may serve as a natural source for the production of zeaxanthin, lutein, and b-carotene.
Introduction
Carotenoids are synthesized in all photosynthetic organisms, where they serve as essential constituents for the assembly of photosystems and light harvesting antenna complexes for photosynthesis and photoprotection (Rodriguez-Concepcion and Boronat, 2002) . In addition to primary carotenoids, plants are able to accumulate much higher amounts of secondary carotenoids that are not involved in photosynthesis, from which human and animals obtain their essential carotenoids to maintain normal health, e.g., b-carotene from carrots for the synthesis of vitamin A, lutein and zeaxanthin from marigold flowers for macular pigments (Romer et al., 2000; Seddon et al., 1994; Ye et al., 2000) . Although the common carotenogenesis pathways have been well studied in photosynthetic organisms (Cazzonelli, 2011; Cazzonelli and Pogson, 2010; Chen et al., 2010; Cuttriss et al., 2007; Park et al., 2002; Rodriguez-Concepcion, 2010; Welsch et al., 2000) , additional algae-specific pathways remain less studied. For example, in contrast to higher plants that generally do not produce ketocarotenoids, some green algae, such as Haematococcus pluvialis and Chromochloris zofingiensis (formerly named as Chlorella zofingiensis), are able to accumulate high amounts of ketocarotenoids outside of plastids under stress conditions (Lemoine and Schoefs, 2010; Pelah et al., 2004; Solovchenko, 2015) . b-Carotene ketolases (BKT/CrtW) are the key enzymes involved in astaxanthin biosynthesis (Huang et al., 2016; Roth et al., 2017) . The Haematococcus BKTs catalyze b-carotene to canthaxanthin (Kajiwara et al., 1995) , whereas C. zofingiensis BKT1 can convert b-carotene to canthaxanthin as well as zeaxanthin to astaxanthin (Wang and Chen, 2008) . Whether BKT/CrtW can convert lutein to ketolutein remains largely unknown.
C. zofingiensis is a unicellular green alga regarded as a potential producer of high-value carotenoids and fatty acids (Mao et al., 2018) . Due to its fast growth and easy cultivation, including three modes of growth, this alga has served as a model system for the study of carotenoid biosynthesis (Liu et al., 2014) . C. zofingiensis was found to contain two BKT genes, of which the BKT1 might play an indispensable role in the synthesis of astaxanthin (Huang et al., 2006 (Huang et al., , 2018 Roth et al., 2017) . In a recent study, we further confirmed the key role of BKT1 in the biosynthesis of astaxanthin in C. zofingiensis (Huang et al., 2018) . However, the role of BKT2 and the biosynthesis of ketolutein remain to be elucidated.
In this study, we generated and analyzed five C. zofingiensis mutants that exhibited diverse ketocarotenoid profiles. The mutants were shown to result from a change in function of BKT1 caused by a single nucleotide insertion or substitution in its coding region. Depending on the mutation site, BKT1 mutations block or attenuate the formation of ketocarotenoids. Coupling the carotenoid profiles with the molecular basis of the mutants, we propose a putative ketocarotenoid biosynthetic pathway in C. zofinginesis.
Material and methods

Microalga and growth condition
C. zofingiensis (ATCC 30412) was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were kept and cultivated in Kuhl medium as described by Huang et al. (2016) . Cells were cultivated in 10 mL liquid Kuhl medium for 4 days (25 C, 30 mmol photons m À2 s À1 , 150 rpm) and then inoculated at 10% (v/v) into 50 mL fresh Kuhl medium for another 4 days to be used as seeds or induced with 30 g/L glucose for 9 h for RNA-Seq and 12 days for pigments and fatty acids.
Mutagenesis and mutant selection
Seed cells were inoculated at 10% (v/v) into 50 mL fresh Kuhl medium for 4 days. Cells were collected by centrifugation (2410 g for 10 min) and then washed with phosphate-buffered saline (PBS, pH 7.0) three times. Cells were treated with N-methyl-N 0 -nitro-Nnitrosoguanidine (MNNG) in dark for 1 h and mutagenesis was terminated by adding 10% (v/v) Na 2 SO 3. The treated cells were washed with PBS three times and recovered in fresh Kuhl medium for 24 h in the dark. Following recovery, the cells were harvested and spread on selective medium (Kuhl medium containing 30 g/L glucose and 1.5 g/L agar) to develop colonies. Colonies with different colors from the WT strain, e.g., yellow rather than orange, were selected and cultivated in Kuhl medium with glucose (30 g/L) for 12 days for analysis of carotenoid profiles.
Pigment analysis
Algal cells were centrifuged at 3800 g for 5 min and washed with distilled water three times. Acetone was used to extract pigments until cells were colorless. Pigments in extracts were filtered through a 0.22 mm Millipore organic membrane and then analyzed with an Agilent Ultra-Performance liquid chromatography (UPLC) 1290 Infinity. An agilent Eclipse plus C18 RRHD 1.8 mm column (2.1 Â 50 mm) was used for the mobile phase, including elution A (20% water, 60% acetonitrile, 5% isopropanol and 15% methanol) and elution B (80% acetonitrile, 5% isopropanol and 15% methanol). The flow rate was 0.5 mL/min as the process blew: 100% A for 1 min followed by 100% A to 100% B with liner gradient in 1 min, and then 100% B for 6 min. The concentrations of zeaxanthin and lutein were measured according to the method reported by Huang et al. (2018) . Individual carotenoids were identified and quantitated through comparison to standard carotenoid retention times, absorption spectra, standard curves and peak areas.
Dry cell weight measurement
Cell dry weight was measured as described by Liu et al. (2012) . Briefly, cells were centrifuged at 3800 g for 5 min and washed with distilled water three times, and then filtered with a Whatman GF/C filter paper (1.2 mm pore size) which was pre-dried and weighted.
Filter paper with alga cells were dried at 80 C in a vacuum oven until the weight did not change; the weight of the algal cells were calculated by subtracting the weight of the pre-dried paper from the final weight.
Molecular characterization of mutants
The BKT1 and BKT2 genes were amplified using a PCR approach with the following primers:
The PCR thermal cycling conditions were 98 C for 2 min, 98 C for 20 s, 56 C for 10 s and 72 C for 2 min. PCR products were purified and sequenced. Bio Edit software was used for sequences alignment.
Results
Isolation of ketocarotenoid-deficient C. zofingiensis mutants
Based on our previous study (Huang et al., 2018) , we used MNNG to mutate C. zofingiensis cells for strains with changed ketocarotenoid profiles and identified related mutants by phenotype, e.g. color changes. Treated algal cells were grown on 1/2 Kuhl medium containing 15 g/L glucose in which WT colonies exhibited orange due to the accumulation of red ketocarotenoids including astaxanthin, canthaxanthin and ketolutein. Colonies exhibiting different colors from WT were considered potential mutants. These colonies were isolated and sub-cultivated in Kuhl medium containing 30 g/L glucose to induce the biosynthesis of secondary carotenoids for 7 days. Of more than 500 colonies with phenotypes different from WT, five colonies (CZ-bkt1-(1e5)) demonstrated yellow to light orange rather than red of WT (Fig. 1) . UPLC analysis showed that unlike WT, which accumulated mainly the ketocarotenoids astaxanthin, canthaxanthin, and ketolutein, the mutants mostly produced the non-ketocarotenoids b-carotene, zeaxanthin and lutein (Fig. 2) . The carotenoid profiles coordinated well with the phenotypes between the mutants and WT strain since the non-ketocarotenoids are yellow while ketocarotenoids are red.
The growth and carotenoid profiles of Cz-bkt1-(1e5) mutants
To elucidate the ketocarotenoid biosynthetic pathway in C. zofingiensis, we examined the carotenoid composition and content of five the five Cz-bkt1 mutants. The mutant strains were cultivated in Kuhl medium with or without glucose. As indicated by their growth curves, CZ-bkt1-(1e5) shared similar growth rates with WT regardless of growth mode ( Fig. 2A and B) . The maximum dry weight of CZ-bkt1-1 was higher than that of other mutants and WT. When cultivated in medium without glucose, all strains had similar carotenoid profiles, with lutein, chlorophylls and b-carotene as the predominant pigments (data not shown). However, when cultivated mixotrophically, all five mutants demonstrated different carotenoid profiles from WT (Fig. 3) . WT accumulated mainly ketocarotenoids: free astaxanthin and its mono-ester (peak 1, 7), ketolutein and its mono-ester (peak 2 and 8) canthaxanthin (peak 4), and adonixanthin monoester (peak 9). In contrast, CZ-bkt1-(1e5) mostly accumulated the yellow carotenoids, including lutein þ zeaxanthin (peak 3), and b-carotene (peak 10), but no or only trace amounts of canthaxanthin and astaxanthin (Fig. 3) . Glucose was able to induce C. zofingiensis to synthesize red ketocarotenoids. Hence, we further investigated the ketocarotenoid biosynthesis in CZ-bkt1-(1e5) that were cultivated in Kuhl medium containing 30 g/L glucose for 12 days. The carotenoid compositions and contents of these strains are summarized in Table 1 .
The contents of astaxanthin and canthaxanthin in Cz-bkt1 (1e5) were 0e1/30 and 0e1/10 of that in WT, respectively. In contrast, the zeaxanthin contents in the five mutants were 7e11 times that in WT. The decreases of astaxanthin and canthaxanthin, and increases of zeaxanthin, suggest that steps converting b-carotene and zeaxanthin to canthaxanthin and astaxanthin might be interrupted, possibly resulting from the change in function of the algal BKT genes. Interestingly, Cz-bkt1-1 produced no ketolutein but 2-fold the lutein of WT. Similarly, Cz-bkt1-(2e4) also accumulated much higher amounts of non-ketocarotenoids and much lower amounts of ketocarotenoids than did WT. In contrast, Cz-bkt1-5 accumulated small amounts of canthaxanthin and astaxanthin, together with 2-fold the ketolutein of WT. Taken together, these results indicate that the biosynthesis of ketocarotenoids is blocked in Czbkt1-1 and interrupted in the other four mutants. To elucidate the underlying mechanisms of ketocarotenoid biosynthesis in the mutants, we investigated the genes that code for enzymes (i.e., the BKT genes) involved in the catalytic steps of ketocarotenoids (see Table 2 ).
Genetic characterization of the C. zofingiensis mutants
C. zofingiensis has two BKT genes (BKT1 and BKT2) that are possibly involved in converting zeaxanthin and b-carotene into astaxanthin and canthaxanthin (Huang et al., 2016 (Huang et al., , 2018 Roth et al., 2017) . We hypothesized that at least one of the ketolase genes in mutants might have lost its function. To test this hypothesis, we cloned and sequenced both BKT1 and BKT2 from the five mutants.
Sequence alignment demonstrated that a single nucleotide insertion or substitution occurred in the BKT1 gene, resulting in a premature stop codon (Cz-bkt1-1) or amino acid substitutions (H168R in Cz-bkt1-2, R51K in Cz-bkt1-3, P284L in Cz-bkt1-4, or S251N in Cz-bkt1-5) in BKT1 (Table 1 ). The mutations with amino acid substitutions were localized near the conserved histidine motifs (His motifs) that have been proposed to bind iron and are Fig. 2 . UPLC chromatograms of pigments extracted from WT, CZ-bkt1-1 and Cz-bkt1-5 of C. zofingiensis cultivated in Kuhl medium containing 3% glucose. Peaks were identified as follows:1-astaxanthin; 2-ketolutein; 3-zeaxanthin þ lutein; 4-canthaxanthin; 5-chlorophyll b; 6-chlorophyll a; 7-astaxanthin monoester; 8-ketolutein monoester; 9-adonixanthin; 10-b-carotene. required for enzymatic activity. Consistent with previous studies (Tao et al., 2006; Ye et al., 2006) , we found that conserved residues outside the His motifs were important for full enzyme function. Interestingly, the BKT1 mutation S251N severely reduced canthaxanthin and astaxanthin production, but increased ketolutein production. No differences in BKT2 gene sequences were found between the mutants and WT.
Discussion
In this study, we elucidated the biosynthetic pathway of ketocarotenoids in the biotechnologically important green alga C. zofingiensis by investigating five mutants with deficient ketocarotenoids. The carotenoid profiles of the mutants were markedly different than that of WT. Whereas WT synthesized ketocarotenoids, the mutants predominantly synthesized nonketocarotenoids. The carotenoid profiles suggested that the ketolating steps in the mutants were severely affected. Sequence analysis of the genes (BKT1 and BKT2) possibly involved in the ketolating steps showed that although BKT2 was normal in all five mutants, BKT1 had mutations. Thus, via reverse genetics, BKT1 was shown to be the key gene for the formation of ketocarotenoids in C. zofingiensis.
These results, together with those of a recent report (Huang et al., 2018) , suggest that BKT1 is the key ketolase involved in the synthesis of astaxanthin as well as other ketocarotenoids in C. zofingiensis. BKT2 was previously proposed to be involved in the synthesis of ketolutein in C. zofingiensis (Huang et al., 2018 ). This proposal is not supported by the current study, because the BKT2 gene sequence in Cz-bkt1-1 is the same as in the WT; in addition, these mutants synthesize no ketolutein or other ketocarotenoids (canthaxanthin and astaxanthin). This result is similar in mutants Cz-bkt1-(2e4). Trace amounts of astaxanthin in the mutants might result from the weak activity of BKT2 toward zeaxanthin to form astaxanthin. Thus, BKT1 appears to be the key enzyme involved in the biosynthesis of all ketocarotenoids.
The BKT/CrtW enzymes are typical membrane-bound nonheme, iron-containing oxygenases that consist of conserved hydrophobic transmembrane domains and His motifs. Little is known regarding the structure and function of this group of LYCe, lycopene ε-cyclase; CHYb, b-carotenoid hydroxylase; BKT1, b-carotene ketolase 1; P450, cytochrome ε-hydroxylase.
enzymes due to the lack of data on their protein crystal structure. Previous research has proposed that CrtW proteins have at least two hydrophobic patches that may be involved in the interaction with hydrophobic carotenoid substrates-one located between the first two His clusters and the other near the C terminus (Ye et al., 2006) . The mutated sites of BKT1 in the Cz-bkt1-4 and Czbkt1-5 mutants are located at the C terminus, leading to severe loss of activity in the conversion of b-carotene and zeaxanthin to canthaxanthin and astaxanthin. Interestingly, the severity of the effects of these mutations on ketolutein production varied between the mutants. For instance, Cz-bkt1-4 accumulated no ketolutein, whereas Cz-btk1-5 produced twice as much ketolutein as the parent strain. These findings support the hypothesis that the C terminus of BKT/CrtW is important to substrate specificity. Ketocarotenoids, especially astaxanthin and canthaxanthin, have been widely used as components of feeds by fisheries and poultry farms (Lorenz and Cysewski, 2000) . Furthermore, astaxanthin has potential applications in treatment of a number of diseases (Hussein et al., 2006; Guerin et al., 2003; Yeum et al., 2005) . Generally, higher plants lack BKT activity and therefore do not synthesize ketocarotenoids. However, as a production system for ketocarotenoids, the ability to express heterologous BKT genes makes plants attractive (Zhu et al., 2007) . Overexpression of a heterologous BKT/CrtW gene from a number of microorganisms leads to the production of various amounts of astaxanthin (Breitenbach et al., 2014; Huang et al., 2013; Lin et al., 2017; Park et al., 2018; Zhu et al., 2007) . Unexpectedly, many of the transgenic plants also generate 4-keto-a-carotene and/or ketolutein, indicating that BKT/CrtW ketolases are able to accept carotenoids with b-and a-ionone rings as substrates for the production of the ketocarotenoids (Breitenbach et al., 2014; Huang et al., 2013; Lin et al., 2017; Park et al., 2018; Zhu et al., 2007) . These results are consistent with our finding that the BKT1 accepted both zeaxanthin and lutein as substrates for astaxanthin and ketolutein production. Lutein is the predominant carotenoids in plants ( Kim and DellaPenna, 2006) . However ketolutein production in green algae and transgenic plants is commonly much lower than astaxanthin, suggesting that BKT/CrtW may have a strong substrate preference for carotenoids with a b-ionone ring, e.g., b-carotene and zeaxanthin. Because Cz-bkt1-5 is able to predominantly accumulate ketolutein, this mutant provides a platform for elucidating the relationship between structure and function of BKT enzymes that lack structural information. In summary, we have shown that BKT1 is the key gene for the formation of ketocarotenoids in C. zofingiensis. This finding allowed us to propose a biosynthetic pathway for carotenoids in C. zofingiensis (Fig. 4) . C. zofingiensis shares the same biosynthetic pathway of primary carotenoids, including b-carotene, lutein, zeaxanthin, violaxanthin, and neoxanthin, as other green algae. The formation of astaxanthin from b-carotene requires the introduction of two hydroxyl groups at C3 and C3 0 by Chy gene product and two keto groups at C4 and C4' by the BKT gene product. C. zofingiensis Chy might fail to convert canthaxanthin to astaxanthin, and thus astaxanthin synthesis may start with the hydroxylation of b-carotene with zeaxanthin and adonixanthin as intermediates.
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